We previously reported that the canonical innate immune receptor toll-like receptor 4 (TLR4) is critical in maintaining lung integrity. However, the molecular mechanisms via which TLR4 mediates its effect remained unclear. In the present study, we identified distinct contributions of lung endothelial cells (Ec) and epithelial cells TLR4 to pulmonary homeostasis using genetic-specific, lung-and cell-targeted in vivo methods. Emphysema was significantly prevented via the reconstituting of human TLR4 expression in the lung Ec of TLR4−/− mice. Lung Ec-silencing of TLR4 in wild-type mice induced emphysema, highlighting the specific and distinct role of Ec-expressed TLR4 in maintaining lung integrity. We also identified a previously unrecognized role of TLR4 in preventing expression of p16 
aberrant proliferation (Campisi & di Fagagna, 2007) . This state of proliferative arrest is due to p16 INK4a /retinoblastoma (pRb) and/or p14 ARF /p53 pathways (Vandenberk, Brouwers, Hatse, & Wildiers, 2011). p16 INK4a inhibits complex of cyclin-dependent kinase 4-6 (CDK4-6)/cyclin D, thereby preventing phosphorylation of Rb protein family, leading to G1 phase cell cycle arrest (Vandenberk et al., 2011) . Several hallmarks of cellular senescence include upregulation of CDK inhibitors, such as p16
INK4a
, p21
Cip1/Waf1
, and acquisition of senescence-associated β-galactosidase activity (SA-β-gal; Campisi, 2013) . In addition, the increased production of SA secretory phenotype (SASP), such as interleukin (IL)-1α, IL-6, IL-8, granulocytemacrophage colony-stimulating factor (GM-CSF), monocyte chemoattractant protein (MCP) 1, 2, and matrix metalloproteinase, is also a well-known characteristic of cellular senescence (Campisi, 2013) .
Senescence is closely associated with the loss of tissue and organ function in aging tissues (Campisi, 2013) . A high level of p16 INK4a is reported in the alveolar epithelium of people with COPD (Muñoz-Espín & Serrano, 2014) . Consistently, increased expression of p16 INK4a and p21 Cip1/Waf1 in endothelial cells (Ec) and alveolar type was opposite to that of the proliferation marker PCNA (Tsuji, Aoshiba, & Nagai, 2006) . However, the regulatory function of p16 INK4a in lungs remains poorly understood.
Epigenetic changes, such as histone acetylation/deacetylation, have been closely linked with cellular senescence and have been detected in human COPD (Sundar, Nevid, Friedman, & Rahman, 2014) . Histone deacetylases (HDAC) regulate gene expression by catalyzing the removal of acetyl groups from the lysine tails of core histones. Interestingly, decreased HDAC expression correlated with an increase in histone acetylation was reported in senescent cells (Wagner et al., 2001) . HDAC2 belongs to the class I family and plays a critical role in suppressing inflammatory gene expression in the airways, lung parenchyma, and airspace macrophages (Barnes, 2009 ). In addition, HDAC2 controls G1 to S transition and its absence provokes a senescence-like G1 cell cycle arrest (Noh et al., 2011) . Also, reduced HDAC2 expression and activity have been associated with human COPD (Ito et al., 2005) .
We previously revealed new roles for the innate immune receptor, toll-like receptor (TLR)4, in maintaining lung integrity at baseline as well as during acute oxidant injury (Takyar, Haslip, Zhang, Shan, & Lee, 2016; Zhang, Shan, Jiang, Cohn, & Lee, 2006; Zhang et al., 2005) , specifically in lung Ec. Our current studies offer novel mechanistic insights by linking TLR4-p16 INK4a -mediated cellular senescence.
TLR4 is a member of a diverse family of pattern-recognition receptors, which activate the innate immune response and subsequently induce anti-microbial adaptive immunity (Medzhitov, 2001) . In human emphysema, reduced TLR4 expression has been associated with more severe emphysema and airflow obstruction (Lee et al., 2012; Speletas et al., 2009) . Although these human studies confirmed the clinical relevance of TLR4 deficiency in human COPD, the molecular mechanisms remain unclear.
Here, we sought to delineate nonmicrobial roles for TLR4 in preventing emphysema using tissue-and cell-specific targeting of TLR4 in vivo, and to translate our findings to primary human lung microvascular Ec (hLMVEC). To the best of our knowledge, our stud- 
| RESULTS

| TLR4 deficiency in mice leads to age-related emphysema
We previously reported that a physiologic consequence of TLR4 deficiency is postdevelopmental, age-related spontaneous emphysema, and identified increased oxidant production via NADPH oxidase 3, as a potential mechanism in lung Ec (Zhang et al., 2006 . To further understand the role of TLR4 in age-related emphysema, we extended the time course to older ages up to 12 months and found that TLR4−/− mice exhibited increased lung volumes and chord lengths at significantly earlier ages than agematched WT mice (Supporting Information Figure S1A ,B). Of note, mild, age-related lung enlargement in WT mice occurs only after 18-20 months (data not shown). Lung compliance measurements on FlexiVent, which is considered to be a specific measurement of emphysema, were also increased in TLR4−/− (Supporting Information Figure S1C ; Vanoirbeek et al., 2010) . These data are confirmed by histologic evidence of airspace enlargement in TLR4−/− mice (Supporting Information Figure S1D ). We also performed µCT of murine lungs of both WT and TLR4−/−, followed by ex vivo 3D lung volume reconstruction techniques, as we recently reported (Wang et al., 2018) , to quantify the percentage of airspace volume.
TLR4−/− mice showed significantly increased airspace volume compared to WT, (Figure 1a ).
| Reconstituting Ec-TLR4 in TLR4−/− mice prevents age-related emphysema
Based on our previous report that TLR4 bone marrow reconstitution had no impact on emphysema (Zhang et al., 2006) or survival during oxidant lung injury (Takyar et al., 2016) , we focused on TLR4 reconstitution in structural cells rather than circulating cells. We selected Ec as our first target based on our previous reports that lung Ec responses were critical to lung maintenance and resistance to injury.
We proceeded to generate mice that express the human TLR4
(hTLR4) transgene, in the presence of DOX, only in Ec (Ec-TLR4-reconstit) to confirm the role of Ec TLR4 in modulating age-related emphysema in TLR4 -/-mice. We confirmed that reconstituted mice expressed hTLR4 by qPCR and in situ hybridization with hTLR4 targeting primers (Supporting Information Figure S2A ,B). Consistent with previous data, TLR4−/− mice showed enlarged lung volumes at 3 months old, which was completely prevented in Ec-TLR4-reconstit X TLR4−/− mice ( Figure 1b) . Consistent with these data, Ec-TLR4-reconstition mice prevented increases in chord length and compliance in TLR4−/−, indicating that Ec is a key compartment in preventing emphysema (Figure 1c, d) . These data were supported by histological observation of the lung tissues ( Figure 1e ). Epi-TLR4-reconstition also prevented emphysema but not to the full extent observed in Ec-TLR4-reconstit (Supporting Information Figure S3 ). This suggests that there is likely an airway Epi-TLR4 contribution but given the scope of the current studies, we chose to focus on Ec-TLR4.
| Silencing Ec-TLR4 in WT mice is sufficient to cause emphysema in WT mice
To determine the impact of TLR4 silencing specifically in lungs and in lung Ec, we constructed ubiquitin (Ub)-and Ec-targeted lentiviral (Lenti) TLR4 silencing (Ub-and Ec-TLR4-sil, respectively) constructs and delivered them intranasally (to achieve lung-targeting), per our previously reported lung-targeted Lenti methods (Haslip et al., 2015; Takyar et al., 2016; Zhang et al., 2016) . Ec-TLR4-sil was established by using the vascular endothelial cadherin construct, which is considered to have greater specificity for mature Ec. We confirmed 78%
and 65% knockdown of TLR4 gene in the lung Ec isolated from lung tissues of Ub-and Ec-TLR-sil mice, respectively (Supporting Information Figure S4 ). Intranasal delivery of control lentivirus (Ub-Con) had no impact on lung volumes, while Ub-TLR4-sil resulted in lung enlargement after 3 months, like that of TLR4−/− mice ( Figure 2a , middle groups). Ec-TLR4-sil appeared equally effective as Ub-TLR-sil, again suggesting the central role of Ec (Figure 2a , right groups). The lung chord lengths and compliance were also increased in both Uband Ec-TLR4-sil mouse (Figure 2b,c) . Additionally, histologic evaluation revealed enlargement of the airspaces accompanied by loss of the normal airspace architecture in Ec-TLR4-sil mice and Ub-TLR4-sil, characteristic of emphysema ( Figure 2d ).
| TLR4 deficiency increases cellular senescence
Human emphysema and COPD have been associated with induction of cellular senescence (Chilosi, Carloni, Rossi, & Poletti, 2013; Tsuji et al., 2006) , and therefore, we asked the question of Figure S5C ). We also found that Ec-TLR4-reconstit X TLR4−/− mice lungs showed significantly decreased IL-1α and IL-6
mRNA expressions compared to TLR4−/− mice lungs (Supporting Information Figure S6 ). These results demonstrate that TLR4−/− mice exhibit early, progressive airspace enlargement as they age, and TLR4 deficiency is associated with markers of cell senescence, such as increased SA-β-gal and p16 INK4a expression, and decreased cell proliferation.
| TLR4 deficiency induces p16
INK4a
-mediated cellular senescence
Increased expression of p16
INK4a is a characteristic feature of senescence in human emphysema (Müller et al., 2006) , but studies remain associative and its precise role in emphysema pathogenesis remains unclear. Total lung lysates from control and COPD human lungs (obtained from the lung tissue research consortium, LTRC) showed higher p16 INK4a mRNA expression than controls ( Figure 3h ). We also found that TLR4−/− mice lungs showed significantly increased p16 INK4a mRNA expression compared to WT mice at 3 and 6 months age ( Figure 3i ). We also measured mRNA levels of p19
Cip1/ Waf1 , and p53. p21 Cip1/Waf1 was also increased in TLR4−/− mice lung (Supporting Information Figure S7A ) but only p16 INK4a decreased in Ec-TLR4-reconstit mice lung compared to TLR4−/− mice lung, which led us to focus on p16
INK4a
. Figure S8 ). Moreover, selective inhibition of TLR4 by siRNA in hLMVEC led to a significant increase in both p16 Figure S9 ).
The clinical relevance of TLR4 is supported in our observations that human lung Ec express decreased TLR4 protein at higher passages, an in vitro model of aging, and in our analyses of human COPD lungs. Figure S10 ). We confirmed in vivo silencing efficiency by decreased evidence that TLR4-deficiency recapitulates, to some extent, human COPD and CS-induced emphysema, we found that HDAC2 mRNA expression significantly decreased in lungs from TLR4−/− mice compared to WT (Figure 5a ). We also found that phosphorylated (p)-and total-HDAC2 protein expression were significantly decreased in TLR4−/− MLEC compared to WT (Figure 5b,c) . We checked other HDAC isoforms, including Class I HDAC1 and HDAC3, Class II HDAC4 and HDAC6, and Class IV HDAC11, but these were not significantly changed in TLR4−/− mice (Supporting Information Figure S12) . Importantly, HDAC2 mRNA expression was restored in lungs of Ec-TLR4-reconstit X TLR4−/− mice, which supports a role for Ec-TLR4 in regulating HDAC2 in vivo (Figure 5d ).
| TLR4 regulates HDAC2 expression and histone H4 acetylation
Others have reported that H4K8Ac in vivo significantly increased upon HDAC2 deletion (Hagelkruys et al., 2014) . Although damagedependent H4K8Ac induction could occur through multiple mechanisms, we reasoned that it might reflect the action of HDAC2. Consequently, we tested whether the level of H4K8Ac is affected by 
| DISCUSSION
TLRs mediate host defense by distinguishing pathogens from self.
There is accumulating evidence that TLRs are activated by more than just pathogens and that their roles extend beyond pathogen recognition (Doz et al., 2008) . We previously reported that mammalian TLR4 is required for survival during lethal oxidant stress injury or bleomycin-induced lung injury (Jiang et al., 2005; Zhang et al., 2005) , and that TLR4 deficiency causes a pro-oxidant environment in tissues, as measured increased NADPH oxidase expression (Zhang et al., 2006) . We also reported that TLR4 plays a crucial role in maintaining lung integrity, but the molecular mechanisms are unclear. In the present study, we confirmed that TLR4−/− mice were susceptible to age-related emphysema. To determine which cell type is the greatest contributor of this protective effect, we developed cellspecific TLR4 reconstitution in vivo. Ec-TLR4-reconstit completely prevented TLR4−/− induced increases in lung volume, chord lengths, and compliance, while Epi-TLR4-reconstit showed only partial effects. This result suggests the cell specificity of TLR4-mediated pathways. Next, we investigated the role of lung-specific Ec-TLR4 silencing in emphysema. Because of lack of specific lung-Ec promoters, we achieved lung Ec-TLR4-sil using intranasal lenti-constructs delivery method, which we pioneered (Haslip et al., 2015; Takyar et al., 2016; Zhang, Jiang, Sauler, & Lee, 2013; Zhang et al., 2016) .
Of note, lung Ec-TLR4-sil mice showed increases in lung compliance and chord lengths, to a similar degree to Ubi-TLR4-sil mice, indicating that lung Ec-TLR4-sil is sufficient to cause emphysema. Our current findings support a previously unrecognized role of lung Ec-TLR4 in maintaining normal lung integrity and thus preventing early emphysema.
Emphysema shares many of the cellular and molecular features associated with aging. Although CS is a common identifiable risk factor for emphysema/COPD, most smokers do not develop emphysema whereas advanced age is universally true in all nongenetic, nonfamilial cases of COPD. Thus, understanding the molecular links between aging and emphysema could lead to new therapeutic approaches. Cellular senescence, an irreversible cell cycle process, acts to protect against cancer, and more recently, this process is emerging as a regulator of complex biological processes such as development, tissue repair, and aging (van Deursen, 2014) . For instance, ablation of p16
INK4a
reverses the aging phenotype in α-klotho, an aging suppressor gene, knockout mice (Sato et al., 2015) , and brain Ec are reported as a susceptible cell type in BubR1 hypomorphic-induced premature senescence mice, confirmed by increased SA-β-gal activity and p16
INK4a expression (Yamazaki et al., 2016) . Recently, Baker et al. (2016) showed that p16 INK4a positive cells promote age-dependent changes in organs such as kidney, heart, and fat, but notably these studies excluded lungs. Of note, CS-induced emphysema/COPD in people has been associated with several markers of cellular senescence, such as p16 INK4a (Aoshiba, Zhou, Tsuji, & Nagai, 2012) . Despite these intriguing links, a pathophysiologic mechanism for cellular senescence in emphysema/COPD has not been firmly established. In the present study, people with COPD showed increased p16 INK4a gene expression expression has been reported to be associated with human COPD lungs (Qu et al., 2013) , a pattern that we also detected in TLR4−/− Ec. Zheng, Li, Zhang, Balluff, and Pan (2012) reported that downregulation of p16 INK4a transcription in high fat diet-fed mice was associated with reduced Ac-histone H4, but this was not associated with Ac-histone H3. On the other hand, Zhou, Han, Li, and Tong (2009) The clinical relevance of this study is supported by data from our laboratory and others; (a) TLR4 expression is decreased in human COPD lungs (Lee et al., 2012; Speletas et al., 2009) , (b) TLR4 expression decreases in Ec as they age, the most common risk factor for emphysema/COPD, and (c) many of the senescence and epigenetic molecular changes found in TLR4−/− lungs and Ec are also found in human COPD lungs (Ito et al., 2005; Qu et al., 2013; Tsuji et al., 2006 INK4a is not merely a marker, but a part of the pathogenetic mechanism of age-related emphysema. Taken together, our studies reveal new molecular interactions between TLR4 and senescence and their functional impact on lung integrity.
In conclusion, our findings establish a novel signaling paradigm that, at least in part, reveal molecular relationships amongst innate immunity, aging, and lung maintenance while highlighting new functional roles for lung Ec (Figure 6 ). We also identify HDAC2 and p16 INK4a as potential therapeutic targets for emphysema. Future studies will fully explore the role of CS in accelerating senescence pathways and dissect the precise interactions amongst TLR4, HDAC2, and p16
, which will offer additional molecular targets in treating a range of age-related lung pathologies.
| EXPERIMENTAL PROCEDURES
| Human samples
Human lung DNA was obtained from the Lung Tissue Research Consortium (LTRC).
| Mice
The research protocols were approved by the Institutional Animal
Care and Use Committee of Yale University. C57Bl6 mice (Jackson Laboratories; Bar Harbor, ME) were maintained in the Animal
Research Center at Yale University. We have previously described the TLR4−/−, Tie2-TLR4-Tg, CC10-TLR4-Tg, airway Epi-Tg mice (Takyar et al., 2016) . For Ec-or Epi-TLR4-reconstit X TLR4−/− mice, Tie2-or CC10-TLR4-Tg mice were bred with TLR4−/− mice, respectively. The DOX-inducible mice were treated with 1 mg/ml DOX (DOT Scientific;
Burton, MI) with 4% sucrose in drinking water (lightly shaded) starting at 4 weeks of age. For silencing of TLR4 expression in Ub or Ec in lung, WT mice were exposed to Ub-or Ec-TLR4-sil by intranasal administration. For silencing of p16 INK4a expression in lung Ec, WT mice were exposed to Ec-p16
INK4a
-sil by intranasal administration.
| Pulmonary function test
A SCIREQ FlexiVent (SCIREQ; Montreal, Canada) ventilator was used to perform pulmonary function analyses on mice. Mice were 
| Chord lengths
After euthanasia, a cannula was inserted into the mouse trachea and secured with strings. The lungs were inflated with 1% agarose solution, which was first warmed to 45°C, and then immersed in ice-cold 
| Construction of Lenti vectors and administration
Lenti-silencing vectors with VE-Cad promoter have been described previously (Zhang et al., 2013 -sil vectors. TLR4-knockdown vectors were constructed with similar strategy and were designed using target site 550-570 (GenBank accession NM_021297.2), 5′-GTA-CATGTGGATCTTTCTTAT-3′ (Takyar et al., 2016) .
| Statistics
GraphPad Prism ® version 7.01 (GraphPad Software; La Jolla, CA)
was used for data analysis. All experiments were performed in triplicate, and all data shown are means ± SEM. When only two groups were compared, statistical differences were assessed with unpaired 2-tailed Student's t test. Otherwise statistical significance was determined using 2-way ANOVA followed by Bonferroni multiple comparison test. p value less than 0.05 was considered statistically significant. 
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